Beginning in 2009, in many advanced economies, policy rates reached their zero lower bound (ZLB). Almost at the same time, oil prices started rising again. We analyze how the ZLB affects the propagation of oil shocks. As these shocks move inflation and output in opposite directions, their effects on economic activity are cushioned when monetary policy is constrained. The burst of inflation from an oil price increase lowers real interest rates at the ZLB and stimulates the interest-sensitive component of GDP, offsetting the usual contractionary effects. In fact, if the increase in oil prices is gradual, the persistent rise in inflation can cause a GDP expansion.
Oil Shocks and the Zero Bound on Nominal Interest Rates

Introduction
An important, ongoing debate in macroeconomics concerns the influence of oil shocks on aggregate activity. One view is that oil shocks are a principal source of business cycle fluctuations. In this vein, Hamilton (2009) argued that most of the global recession that began in 2008 reflects the preceding run-up in oil prices. In contrast, Blanchard and Galì (2007) attributed a small role to oil shocks as drivers of economic fluctuations in the 1980s and 1990s, and suggested an even smaller role in more recent years.
Within this debate, the systematic response of monetary policy to oil shocks plays a prominent role. In our analysis, we extend the two-country DSGE model in Bodenstein, Erceg, and Guerrieri (2010) with price and wage rigidities and by introducing a monetary policy rule that explicitly recognizes the ZLB constraint on nominal interest rates. A key finding of our analysis is that oil price shocks propagate differently when policy rates in the oil importing country are at the zero lower bound. In particular, we show that the zero lower bound constraint tends to diminish rather than amplify the fall in GDP that occurs in response to higher oil prices in normal times when monetary policy is unconstrained by the zero lower bound.
To understand this result, consider the effects of a shock that raises the demand for oil by foreigners, pushing up the price of oil in the home, oil-importing country. When monetary policy is unconstrained, this shock tends to push up inflation and reduce output in the home country. When policy rates are at the zero lower bound, the higher inflation induced by the shock can lead to lower real rates, stimulating the interest-sensitive sectors of the economy, and offsetting the usual contractionary effects of the shock. In fact, if the increase in oil prices occurs gradually, it can induce a persistent rise in inflation that might even cause GDP to expand temporarily.
To put these results in context, it is useful to contrast them with recent work on the zero lower bound that has emphasized that the effects of demand shocks, such as government spending shocks, are amplified at the zero lower bound. The amplification of these shocks reflects that they tend to move output and inflation in the same direction. For instance, a rise in government spending induces increased resource utilization and higher inflation. In normal times, monetary policy offsets the stimulative effects of the shock by raising interest rates. However, if the ZLB has been reached because the economy is mired in a deep recession, policy rates remain unvaried and the higher inflation induces a fall in real rates.
These lower real rates in turn crowd in investment, amplifying the effects of the government spending shock.
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In contrast, the ZLB constraint on policy rates tends to cushion the effects of oil shocks on activity, since these shocks move output and inflation in opposite directions.
We consider sensitivity of our results along several dimensions, including the specification of monetary policy, the economy's interest rate sensitivity, the degree of exchange-rate pass-through, and the inclusion of financial frictions. We show that the interest rate reaction function plays an important role in cushioning the effects of oil shocks. In the benchmark simulation, we use an interest rate rule that responds to inflation and the output gap and give a prominent role to interest rate smoothing through the inclusion of the lagged policy rate. Relative to this benchmark rule, we show that a rule with no interest-rate smoothing term further cushions the effects at the zero lower bound.
The particular inflation measure included in the rule can also affect the extent to which the ZLB cushions the economy from oil shocks. Our benchmark rule responds to current 2 See, for example, Eggertsson (2006) , Christiano, Eichenbaum, and Rebelo (2009). core inflation; however, some central banks appear to have a focus on headline inflation.
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We find that rules responding to a forecast of headline inflation can be less effective in stabilizing inflation in response to oil shocks. As a result, they can lead to larger movements in real rates at the zero lower bound and a greater cushioning of the effects of oil shocks.
In line with recent empirical evidence by Kilian (2009) and Kilian, Rebucci, and Spatafora (2009) , we also examine the robustness of our results to alternative shocks that generate fluctuations in oil prices. Apart from the benchmark oil demand shock, we consider the effects of oil price changes that stem from changes in oil supply and aggregate technology shocks. We find that, if oil supply shocks are close to unit-root processes as argued in Bodenstein, Erceg, and Guerrieri (2010) , then there is a one-time increase in the price of oil which does not have a protracted effect on inflation. Thus, the real interest rate is little changed at the zero bound and the shock has similar effects at the zero bound and in normal times.
The oil price response implied by a 1% temporary decline in the level of productivity is not large enough to substantially affect the transmission of technology shocks. However, as such shocks increase firms' marginal costs directly and lead to a rise in inflation made persistent by the real rigidities in our model (adjustment costs for investment, consumption habits, and lagged price and wage indexation), their effects are also cushioned at the zero bound relative to normal times.
The rest of this paper proceeds as follows. Section 2 describes the model, while its calibration and solution method are discussed in Section 3. Our results for oil demand shocks are presented in Section 4, while Section 5 discusses the effects of alternative shocks.
Finally, Section 6 concludes.
3 The Bank of England and the European Central Bank, for example, focus on headline inflation both in framing objectives, and as an operational guide to policy; while others appear relatively more concerned with the behavior of core inflation, at least in describing the basis for policy decisions. For example, the Bank of England has a target of 2% that is expressed in terms of headline inflation. It describes operational policy as adjusting interest rates so that its forecast of headline inflation reverts to target within a reasonable time frame without inducing undue instability in real activity (see http://www.bankofengland.co.uk/monetarypolicy/framework.htm).
Model Description
The model follows closely Bodenstein, Erceg, and Guerrieri (2010) with the addition of nominal rigidities in price and wage setting.
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There are two countries, a home country (calibrated based on U.S. data) and a foreign country (rest-of-the-world). Because the structure of the country blocs is symmetric, we focus on the home country, although our calibration allows for differences in population size, oil intensities, the per capita oil endowments, and nonoil trade flows. In each country a continuum of firms produces Households consume oil, the nonoil consumption good, save and invest, and supply differentiated labor services under monopolistic competition. For ease of presentation, we assume competitive bundlers whose technology mimics the preferences of the households over oil and the nonoil consumption good. While asset markets are complete at the country level, asset markets are incomplete internationally. Finally, both the home and foreign country are endowed with a non-storable supply of oil each period with the home country assumed to be an oil importer.
Households
A continuum of monopolistically competitive households (indexed on the unit interval) supplies a differentiated labor service to the intermediate goods-producing sector. A representative labor aggregator combines the households' labor hours in the same proportions as firms would choose. This labor index L t has the Dixit-Stiglitz form
where θ w > 0 and N t (h) is hours worked by a typical member of household h. The aggregator minimizes the cost of producing a given amount of the aggregate labor index, taking each household's wage rate W t (h) as given. One unit of the labor index sells at the
W t is referred to as the aggregate wage index. The aggregator's demand for the labor services of household h satisfies
The utility functional of a representative household h is
where the discount factor β satisfies 0 < β < 1. Our benchmark preference specification follows Greenwood, Hercowitz, and Hoffman (1988) but we also consider additively separable preferences over consumption and leisure. As in Smets and Wouters (2003) , we allow for the possibility of external habits. At date t household h cares about consumption relative to lagged per capita consumption, C t−1 . The preference shock ν ct follows an exogenous first order process with a persistence parameter of ρ ν . The parameter ζ controls for population size. The household's period utility function depends on current leisure 1 − N t (h), the end-of-period real money balances,
. The liquidity-service function V (·) is increasing in real money balances at a decreasing rate up to a satiation level.
Beyond the satiation level, utility from liquidity services is constant. With this specification of the utility function, the demand for real money balances is always positive regardless of the level of the nominal interest rate.
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Each member of household h faces a budget constraint in period t which states that the combined expenditure on goods and the net accumulation of financial assets must equal disposable income
Final consumption goods are purchased at the price P Ct , and final investment goods at the price P It . Investment in physical capital augments the per capita capital stock K t+1 (h) according to a linear transition law of the form
where δ is the depreciation rate of capital.
Individuals accumulate financial assets by purchasing state-contingent domestic bonds, and a non state-contingent foreign bond. Given the representative agent structure at the country level, we omit terms involving the former from the budget constraint. The term B F t+1 (h) in the budget constraint represents the quantity of the non state-contingent bond purchased by a typical member of household h at time t that pays one unit of foreign currency in the subsequent period, P * Bt is the foreign currency price of the bond, and e t is the exchange rate expressed in units of home currency per unit of foreign currency. To ensure that net foreign assets are stationary, we follow Turnovsky (1985) and assume there is an intermediation cost φ Bt paid by households in the home country for purchases of foreign bonds. Specifically, the intermediation costs depend on the ratio of economy-wide holdings of net foreign assets to nominal output (P Dt Y t , defined below)
5 More formally, we follow Jeanne and Svensson (2007) 
<m, the satiation level of real money. And V (M B t+1 /P t ) = V 0 for M B t+1 ≥m, and
If the home economy has an overall net lender position, a household will earn a lower return on any holdings of foreign bonds. By contrast, if the economy has a net debtor position, a household will pay a higher return on any foreign debt.
Each member of household h earns labor income (1 + τ w )W t (h) N t (h) and capital income R Kt K t (h). The employment subsidy τ w exactly offsets the monopolistic distortion, so that the household's marginal rate of substitution would equal the consumption real wage in the absence of nominal wage rigidities. The member also receives an aliquot share Γ t (h) of the sum of firm profits and the sale of oil services, and receives net transfers of T t (h). Finally, as in Christiano, Eichenbaum, and Evans (2005) , it is costly to change the level of gross investment from the previous period, so that the acceleration in the capital stock is penalized
In every period t, a typical member of household h maximizes the utility functional (26) with respect to consumption, labor supply, investment, end-of-period capital stock, and holdings of foreign bonds, subject to its budget constraint (5), and the transition equation for capital (6). In doing so, prices, wages, and net transfers are taken as given.
Firms and Production
The production of goods involves several layers. 
where θ p > 0, and P Dt is an aggregate price index defined below. Similarly, in the foreign market, firm i faces the demand function
where X t (i) denotes the foreign quantity demanded of home good i, P * M t (i) denotes the price, denominated in foreign currency, that firm i sets in the foreign market, P * M t is the foreign import price index, and M * t is aggregate foreign imports. Each producer utilizes capital services K t (i), a labor index L t (i), and oil O t (i) to produce its respective output good. The representative firm's technology can be characterized as a nested constant-elasticity of substitution specification of the form
Each producer utilizes capital and labor services, K t (i) and L t (i), to make a "value-added" input V t . This composite input is combined with oil services O Y t (i) to produce the domestic nonoil good Y t (i). The term Z t represents a stochastic process for the evolution of technology. The term µ OY t represents a stochastic process for the oil intensity in production, which might capture a switch in the composition of capital towards machines with different energy intensities.
The prices of intermediate goods are determined by Calvo-style staggered contracts, see Calvo (1983) and Yun (1996) . Each period, a firm faces a constant probability, 1 − ξ p , to reoptimize its price at home P Dt (i) and probability of 1 − ξ px to reoptimize the price that it sets in the foreign country of P * M t (i). These probabilities are independent across firms, time, and countries. To offset the distortion due to monopolistic competition, firms receive a production subsidy. Together with the wage subsidy, the allocations under flexible prices and wages are Pareto-optimal.
Production of Domestic Goods Indices
A representative aggregator combines the differentiated intermediate products into a composite home-produced good Y Dt according to
The optimal bundle of goods minimizes the cost of producing Y Dt taking the price of each intermediate good as given. The bundle Y Dt is used as input in producing the domestic nonoil consumption good and investment good. A unit of the sectoral output index sells at the price
Similarly, a representative aggregator in the foreign economy combines the differentiated home products X t (i) into a single index for foreign imports
and sells M *
The bundle M * t is used as input into the production of the foreign nonoil consumption good and investment good.
Production of Nonoil Consumption, Government and Investment Goods
The nonoil consumption good C N t , the government consumption good G t , and the investment good I t are produced by perfectly competitive distributors using both aggregates over home and foreign varieties. The production function for the nonoil consumption good C N t is given by
where C Dt denotes the quantity of the aggregate over domestically-produced varieties purchased at a price of P Dt , and used as an input by the representative nonoil consumption distributor. The term M Ct denotes imports of the aggregate over foreign varieties purchased at a price of P M t . The Lagrangian multiplier from the cost minimization problem for the distributors determines the price of the nonoil consumption good, P CN t .
The production of the government consumption good G t is identical to the production of the nonoil consumption good with the inputs. Thus, its price is P CN t .
Finally, the production function for investment goods is isomorphic to that given in equation (17), though allowing for possible differences in the import intensity of investment goods (determined by ω mi , akin to ω mc in equation (17)), and the degree of substitutability between nonoil imports and domestically-produced goods in producing investment goods (determined by ρ i ). The inputs are denoted by I Dt and M It . Thus,
The Lagrangian from the problem that investment distributors face determines the price of new investment goods, P It , that appears in the household's budget constraint.
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Production of Final Consumption Good
The consumption basket C t that enters the household's budget constraint is produced by perfectly competitive consumption distributors. The form of the production function mirrors the preferences of households over consumption of nonoil goods and oil. These distributors purchase a nonoil consumption good C N t and oil services O Ct as inputs in perfectly competitive input markets, and produce a composite consumption good according to a CES production function
where the quasi-share parameter ω oc determines the importance of oil purchases in the household's composite consumption bundle, and the parameter ρ o determines the long-run price elasticity of demand for oil. This shock could capture changes in oil demand coming from external factors, such as unusually cold winters, or a shift towards consuming goods that are more energy intensive.
Consumption distributors choose a contingency path for their inputs C N t and O Ct to minimize the costs of producing the consumption bundle, taking as given input prices P CN t and P Ot , respectively. The Lagrangian multiplier from this cost-minimization problem determines the price of the consumption bundle charged to households, i.e., P Ct in the household's budget constraint given in equation (5).
The Oil Market
Each period the home and foreign countries are endowed with exogenous supplies of oil Y Ot and Y * Ot , respectively. The two endowments are governed by distinct stochastic processes. With both domestic and foreign oil supply determined exogenously, the oil price P Ot adjusts endogenously to clear the world oil market
To clear the oil market, the sum of home and foreign oil production must equal the sum of home and foreign oil consumption by firms and households. Because all variables are expressed in per capita terms, foreign variables are scaled by the relative population size of the home country 
Monetary and Fiscal Policy
Monetary policy follows an interest rate reaction function as suggested by Taylor (1993) .
However, when policy rates reach zero, we assume that no further actions are taken by the central bank. The notional rate that would be dictated by the interest rate reaction function barring the zero lower bound is denoted by i not t , whereas the policy rate that can actually be implemented is denoted by i t . The two differ only if the notional rate turns negative
The termsī andπ are the steady-state values for the nominal interest rate and inflation, respectively. The inflation rate π t is expressed as the logarithmic percentage change of the domestic price level, π t = log(P Dt /P Dt−1 ). The term y gap t denotes the output gap, given by the log difference between actual and potential output, where the latter is the level of output that would prevail in the absence of nominal rigidities. Notice that the coefficient γ y is divided by four as the rule is expressed in terms of quarterly inflation and interest rates.
The parameter γ i allows for interest rate smoothing.
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Government purchases are a constant fraction of outputḡ and they fall exclusively on the domestically-produced varieties. These purchases make no direct contribution to household utility. To finance its purchases, the government imposes a lump-sum tax on households that is adjusted so that the government's budget is balanced every period.
The government finances its purchases P Ct G t , and the subsidies to firms and households through lump-sum taxes. Given the Ricardian structure of the model, we assume that the government budget is balanced each period.
Resource Constraints for Nonoil Goods, and Net Foreign Assets
The resource constraint for the nonoil goods sector of the home economy can be written as
where M * t denotes foreign imports -again expressed in per capita terms, which accounts for the population scaling factor 1 ζ . The term φ It denotes the resources that are lost due to costs of adjusting investment.
The evolution of net foreign assets can be expressed as
This expression can be derived by combining the budget constraint for households, the government budget constraint, and the definition of firm profits.
Solution Method and Calibration
The model is log-linearized around its steady state.
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To obtain the reduced-form solution of the model, we use the numerical algorithm of Anderson and Moore (1985) , which provides an efficient implementation of the method proposed by Blanchard and Kahn (1980) .
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Adapting the ideas in Laséen (2009), as Hebden, Lindé, and Svensson (2010) , we implement the zero bound constraint on the nominal interest rate through a series of anticipated monetary policy shocks. These anticipated policy shocks raise the nominal interest rate to zero relative to the a simulation in which the zero bound constraint is ignored. Thus, under the zero bound constraint, monetary policy can be interpreted as being too tight. Appendix A outlines the computational procedure.
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8 A linear framework might appear at odds with the empirical work that has stressed asymmetries in the propagation of oil shocks to the macroeconomy. However, more recently, Kilian and Vigfusson (2009) found very little, if any, evidence of asymmetries in the response of U.S. GDP, unemployment, and gasoline consumption to energy price shocks. 9 The steady state around which we linearize depends on the relative level of technology in each country, which we initialize to unity.
10 Bodenstein, Erceg, and Guerrieri (2009) discuss two alternative approaches for implementing the zero bound constraint. The first approach uses a shooting algorithm that builds on Fair and Taylor (1983) and is suitable even for fully nonlinear
The model is calibrated at a quarterly frequency. The parameter values for the home economy under our benchmark calibration are listed in Table 1 . Parameters for the foreign economy are identical except for the parameters determining the intensity of oil use, the capital share of production, and the trade shares. The latter are determined by the assumption that trade is balanced in the steady state and that the relative population size, ζ, is scaled so that the home economy accounts for one third of world GDP.
The parameter σ is set equal to 1. We set χ = 10, implying a Frisch elasticity of labor supply of 0.2. The utility parameter χ 0 is set so that employment comprises one-third of the household's time endowment. In line with Smets and Wouters (2007) , the real rigidities affecting consumption, φ c , and investment, φ i , are 0.8 and 3, respectively.
The depreciation rate of capital δ = 0.03 is consistent with an annual depreciation rate of 12 percent. We set the government share of output to 18 percent, and adjust the capital share parameter ω k = 0.28, so that the investment share of output equals an empirically-realistic value of 20 percent.
Nominal rigidities in prices and wages have an average duration of four quarters, determined by the parameters ξ p = 0.75 and ξ w = 0.75. Export price rigidities have a shorter duration of 2 quarters, as implied by the parameter ξ px = 0.5. As noted above, monetary policy follows the Taylor rule, aside from allowing for interest rate smoothing and taking account of the zero lower bound constraint. Thus, the parameter γ π on the inflation gap is 0.5 and the parameter γ y on the output gap is also 0.5; we set the smoothing parameter γ i to 0.8. The steady state real interest rate is set to 2% per year (β = 0.995). Given steady state inflationπ equal to zero, the implied steady state nominal interest rate is two percent.
The calibration of the parameters ω oy and ω oc is informed by the overall oil share of output, and the end-use ratios of oil in consumption and production. Based on data from models under the assumption of perfect foresight. The second approach presented in Bodenstein, Erceg, and Guerrieri (2009) exploits the piecewise linearity of the model. All model equations are linear when the zero bound constraint binds, and they are also linear, albeit modified, when the zero bound constraint does not bind. However, the time period for which the economy is at the zero bound is a non-linear function of the exogenous disturbances. In particular for large-scale DSGE models, implementing the zero bound through a sequence of anticipated monetary policy shocks turns out to be computationally expedient relative to the methods described in Bodenstein, Erceg, and Guerrieri (2009) as discussed in more detail in Appendix A.
the Energy Information Administration of the U.S. Department of Energy for 2008, the overall oil share of the domestic economy is set to 4.2 percent, with one-third of total oil usage accounted for by households, and two-thirds by firms. The oil imports of the home country are set to 70 percent of total demand in the steady state, implying that one third of oil demand is satisfied by domestic production. This estimate is based on 2008 data from the National Income and Product Accounts. In the foreign block, the overall oil share is set to 8.2 percent. The oil endowment abroad is 9.5 percent of foreign GDP, based on oil supply data from the Energy Information Administration.
Turning to the parameters determining trade flows, ω mc is chosen to match the estimated average share of imports in total U.S. consumption of about 7 percent using NIPA data, while the parameter ω mi is chosen to match the average share of imports in total U.S. investment of about 40 percent. This calibration implies a ratio of nonoil goods imports relative to GDP for the home country of about 12 percent. Given that trade is balanced in steady state, and that the oil import share for the home country is 3 percent of GDP, the goods export share is 15 percent of GDP.
The parameters governing the elasticity of substitution for oil, ρ o , the elasticity of substitution between domestic and foreign goods, ρ c = ρ i are chosen in line with those obtained from the moment matching exercise in Bodenstein, Erceg, and Guerrieri (2010) .
More specifically, we set ρ o to obtain an oil price elasticity of 0.4, and ρ c = ρ i to obtain a trade elasticity of 1.1.
The model in Bodenstein, Erceg, and Guerrieri (2010) differs from ours only with respect to the presence of nominal rigidities. However, in their moment matching exercise Bodenstein, Erceg, and Guerrieri (2010) focus on medium term frequencies rather than business cycle frequencies implying little bearing of nominal rigidities for their estimates.
Oil demand shocks
Our analysis focuses on the effects of oil shocks against the backdrop of an initial severe recession in the home country. The initial recession is generated by a preference shock, ν ct , that follows an autoregressive process with persistence parameter equal to 0.9. The shock reduces the home country's marginal utility of consumption. As a result of the shock, monetary policy attempts to stimulate the economy by lowering rates, but the policy rate reaches the zero lower bound, which is expected to bind for 10 quarters at the point in which the additional oil shock strikes. As the initial consumption shock occurs exclusively in the home country, the foreign economy has latitude to offset much of the contractionary spillover impact by reducing its policy rate.
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Figures 1 and 2 consider the effect of an oil demand shock abroad against the severe domestic recession. Following Bodenstein, Erceg, and Guerrieri (2010) , the oil demand shock has a persistent growth component and a level error correction component. The process governing the shock is:
We set ρ and µ OCt , respectively the demand shock for oil in production, and the demand shock for oil in consumption.
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As shown in Figure 1 , the price of oil deflated by the price of the domestic nonoil good rises for one year, then slowly declines. All the responses shown are presented in deviation from the path implied by the initial severe recession. Each panel in the figure shows three lines: the response to the shock against the background of the severe recession, the solid lines; the response to the shocks in normal times when the zero lower bound does not bind, the dashed lines; and the response to the shock in an economy with flexible prices and wages, the dotted lines. The shock is unchanged for the three cases shown 11 The appendix provides further details about the initial recession that generates the predetermined conditions for the subsequent oil shock. 12 In our model the unconditional behavior of oil prices reflects a variety of shocks and their propagation mechanisms. Accordingly, the finding that a simple unit root process provides a good fit for the behavior of oil prices in the postwar period does not imply that all structural shocks affecting the oil market should themselves be governed by unit root processes. and the relative price of oil shows negligible differences across the cases.
The form of our modified Taylor rule, was chosen so that there would only be quantitatively small differences between the effects of the shock with and without nominal rigidities, as long as the zero lower bound is not enforced, or equivalently in a linear setting, as long as zero lower bound does not bind. We interpret the proximity of such responses, the dashed and the dotted lines in Figure 1 , as heuristic evidence that the monetary policy rule is nearly optimal, at least in the case of an oil demand shock.
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In all of the cases shown, the persistent rise in the price of oil induces a fall in home oil demand. Both households and firms substitute away from the more costly oil input. The decline in oil use has effects on gross nonoil output, the expenditure components, and the real interest rate that resemble those of a highly persistent decline in productivity. Lower oil use leads to a fall in the current and future marginal product of capital, causing investment and gross output to fall. In the long term the capital stock also falls. Consumption contracts due to a reduction in household income. Strikingly, the imposition of the zero lower bound can generate persistent qualitative differences in the response of real GDP. GDP temporarily rises at the zero lower bound, while it falls uniformly when the zero bound is not binding. Morevor, at the zero bound, the eventual fall of GDP is cushioned persistently. In the simulation that enforces the zero bound, GDP remains above its unconstrained level for years past the end of the liquidity trap.
As policy rates are constrained, and as the oil shock generates a persistent increase in inflation, the short-term real interest rate falls more, cushioning the fall of investment. The cushioning of the investment props up the capital stock in such a way as to introduce a persistent wedge between real (nonoil) gross output at the zero bound relative to its counterpart in normal times. Due to the presence of consumption habits and investment adjustment costs, as well as to the phasing in of the oil shock, gross output only falls gradually. In this setting, the difference between gross output and GDP is a wedge implied by the presence of imported oil inputs in production. The initial fall is gross output happens to be small enough that the contraction in oil imports brought about by higher oil prices translates into a boost to GDP.
Turning to the implications for the external sector, while the responses of investment and gross output to the oil supply shock resemble those of a persistent contraction in technology, the exchange rate response does not.
14 Since the rational expectations solution requires that the net foreign asset position is bounded away from infinity (conditional on current information), the home country's nonoil balance must improve enough to offset the long-run deterioration in the oil balance, as well as to finance interest payments on the stock of debt accumulated along the transition path. Thus, as the home economy faces the burden of a larger oil deficit, the exchange rate depreciates, which stimulates home nonoil net exports (the terms of trade track the real exchange rate closely in this setting). As the shock to oil supply leads to a very persistent rise in oil prices, consumption smoothing dictates a quick offset of the deficit from the oil side of the trade balance by a surplus in the nonoil balance.
If the offset were delayed, a greater accumulation of debt and related interest rate payments would reduce future consumption inefficiently. The imposition of the zero bound does not change the response of the external sector qualitatively. Quantitatively, however, lower real rates at home imply a larger depreciation of the real exchange rate (shown as an upward movement in Figure 2 ). Consequently real net exports expand more, but the trade balance expressed as a nominal share of GDP is little changed.
Alternative Policy Rules and Interest Rate Sensitivity
We consider sensitivity analysis for the specification of monetary policy with respect to two important dimensions: the interest rate smoothing and the measure of inflation included in the rule. The panels in the left column of Figure 3 reports responses to the same foreign demand shock as considered in the benchmark experiment described. However, the monetary policy rule used in this case excludes the lagged interest rate term by setting γ i to zero, (see Equation 22 ). For ease of comparison, the panels in the right column of Figure 3 reproduce the benchmark results.
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Away from the lower bound, the rule that excludes the smoothing term induces a less persistent rise in real rates in response to the same oil shock, enhancing the inflation response and further cushioning the effects at the zero lower bound. On impact, with the less aggressive rule, the initial rise in GDP is almost doubled relative to the benchmark case.
Moreover, the the wedge between the response of GDP at the zero bound and its counterpart away from the zero bound is also enhanced quantitatively.
The particular inflation measure included in the rule is also important. Our benchmark rule responds to current core inflation (the inflation for the price of the consumption basket with the oil component stripped out). A number of central banks characterize their policies as focusing on a forecast of future headline inflation. As discussed by Bodenstein, Erceg, and Guerrieri (2008) , such rules can be less effective in controlling inflation. When faced with temporary increases in the price of oil, rules that incorporate a forecast of headline inflation can look past the peak inflation response and lower rates in anticipation of the expected decline in oil prices.
The responses shown in the left panels of Figure 4 build on the previous sensitivity exercise by not only doing away with the smoothing term in the monetary policy rule, but also substituting the current core inflation measure with the forecast of next period headline inflation rate. For ease of comparison the panels in the right column of the figure report the effects of the same foreign oil demand shock for the case in which the only modification to the rule involves the exclusion of the smoothing term and the rule responds to current core inflation.
As shown in the bottom panels of Figure 4 , the rule that responds to headline inflation implies a larger inflation response. At the zero bound, more inflation translates into a bigger fall in the real interest rate. Investment and consumption still fall, but are propped up relative to their response under the rules considered previously. Moreover, the fall in net real rates enhances the exchange rate depreciation. The consequent boost to net exports leads to a temporary expansion in gross output. Under this alternative rule, at the zero bound real GDP rises close to 0.3 percent on impact, while it drops almost 0.1 percent in normal times.
The wedge between the responses to the oil demand shock at the zero bound relative to normal times stem from the lowering the profile of real rates. By incorporating consumption habits, the benchmark calibration constrains the economy's interest sensitivity. The left panels of Figure 5 report the response to the foreign oil demand shock for a calibration of the model that excludes consumption habits. The panels in the right column replicate the responses for the baseline calibration with consumption habits.
As in normal times the benchmark policy rule implies a rise in the longer-term real interest rates such as the 5-year rate shown in the figure, the decline in private absorption is amplified by the exclusion of habits. However, a higher degree of interest rate sensitivity implies that at the zero lower bound lower real rates relative to the unconstrained case can generate a larger wedge relative to the unconstrained responses. Figure 6 compares the effects of an oil demand shock under two preference specifications.
Sensitivity: Alternative Preferences and Additional Rigidities of a Policy Model
The left panels in the figure reproduce the results from the benchmark model with preferences that follow those in Greenwood, Hercowitz, and Hoffman (1988) . The right panels in Figure 6 show responses from a model with the commonly used specification of additively separable preferences over consumption and leisure. Under this alternative, the utility functional of a typical member of household h is
Under the alternative, we left the function V unchanged relative to the benchmark specification. Also unchanged are the values chosen for the parameters σ, φ c , ζ, and χ. We calibrated the value for the parameter χ 0 so that employment comprises one-third of the household's time endowment as for the benchmark preferences.
The additively separable preferences let the marginal utility of consumption influence labor supply. As shocks that push up the price of oil compress consumption for the home oil-importing country, the marginal utility of consumption increases and stimulates labor supply. Figure 6 shows an expansion in labor supply both in normal times and at the zero lower bound for the alternative preferences. Under additively separable preferences, an increase in the price of oil can lead to such an increase in labor supply that gross output and GDP expand even when the economy is not in a liquidity trap. By contrast, in the benchmark model it is the liquidity trap that initially reverses the sign for the response of GDP. However, under both types of preference, the zero lower bound cushions the eventual contraction of economic activity.
16 Figure 7 compares the effects of an oil demand shock in the benchmark model with an extension that incorporates financial frictions as in Bernanke, Gertler, and Gilchrist (1999) and Christiano, Motto, and Rostagno (2003) and limited exchange rate pass-through to import prices as in Gust, Leduc, and Sheets (2009) . Both of these features could potentially diminish the expansionary effects that oil price shocks have at the zero lower bound. With financial frictions, the relevant real interest rate that affects investment demand is no longer the risk-free rate but one that takes into account an asymmetric information problem between borrowers and lenders. If this asymmetric problem worsens in response to higher oil prices, there can be a more severe contraction in investment, which all else equal induces deflationary pressure. Accordingly, at the zero lower bound, real policy rates may not fall as much, reducing the stimulative effects of higher oil prices at the zero lower bound. Similarly, lower exchange rate pass-through can potentially reduce the inflationary effects that occur when the home currency depreciates in response to the rise in oil prices.
The panels in the first column of Figure 7 show the response of key variables in the extended model to the oil demand shock when monetary policy is constrained by the zero lower bound and when its unconstrained. For purposes of comparison, the panels on the right show the analogous responses in the benchmark model. In both the benchmark and extended models, GDP falls when monetary policy is unconstrained and rises when the zero lower bound constraint binds. Relative to the benchmark model, the stimulative effects of the oil price shock at the zero lower bound are only marginally smaller in the extended model. These smaller effects mainly reflect the reduction in pass-through, which mitigates the rise in inflation associated with higher oil prices. The rise in inflation is smaller in the extended model, because exchange rate pass-through is lower, which implies that import prices do not rise as much when the home currency depreciates. As a consequence, there is less monetary stimulus in the extended model at the zero lower bound than in the benchmark model. However, as shown in Figure 7 , the difference in the response of headline inflation and in long-term rates across the two models is very small. This small difference in part reflects that the exchange rate tends to depreciate by more in the extended model, as lower pass-through tends to amplify exchange rate movements, which all else equal increases the inflationary consequences of the oil demand shock.
To understand why the financial accelerator mechanism of Bernanke, Gertler, and Gilchrist (1999) does not reduce the stimulative effects of oil shocks at the zero lower bound, recall that the asymmetric information problem between borrowers/enterpreneurs and lenders gives rise to a spread between interest rates used to finance capital purchases and the risk-free rate. This spread varies with the total demand for funds by borrowers (i.e., their capital purchases) less their net worth. Because higher oil prices reduce the demand for capital somewhat more than a borrower's net worth, the spread actually falls slightly, and there is little change in the results once financial frictions are incorporated into the model.
Moreover, we find that there is little change in results across a broad range of parameter values characterizing this financial friction.
Alternative Shocks
In addition to oil demand shocks, we consider shocks to oil supply and technology as possible determinants of the price of oil.
Oil supply shocks Following Bodenstein, Erceg, and Guerrieri (2010), we assume that the oil supply in each country follows a process close to a unit-root.
17 Figure 8 shows the domestic response to a foreign oil supply shock both when the economy is mired in a liquidity trap and in normal times. For ease of comparison, we also show the responses to an oil demand shock. The contraction in foreign oil supply is sized to match the peak of the oil demand shock discussed earlier. However, in contrast to the oil demand shock, the supply shock does not lead to a protracted rise in inflation. Apart from the initial period, headline inflation is close to zero. Thus, the real interest rate is little changed at the zero bound and the shock has similar effects at the zero bound and in normal times.
Abstracting from monetary policy consideration at the zero lower bound, our model with nominal rigidities displays responses similar to the flexible price economy in Bodenstein, Erceg, and Guerrieri (2010) . The nearly permanent foreign supply contraction leads to a persistent fall in domestic activity, and a persistent deterioration of the home country's oil balance that is mostly offset by an improvement in the nonoil trade balance. The latter is brought about by a persistent depreciation of the home country's real exchange rate.
If the oil supply shock lead to a period of increasing oil prices similar to the oil demand shock and thus to protracted inflation, the oil supply shock would be compressed in the same manner. However, as argued in Bodenstein, Erceg, and Guerrieri (2010) oil supply and demand shocks differ along exactly this dimension: oil supply shocks are near unit-root processes, but oil demand shocks are best described as AR (2) processes.
18
Technology shocks Figure 9 shows the effects of a 1% temporary decline in the level of the 17 To be specific, the AR(1) coefficient for home and foreign oil supply is set at 0.99. 18 Our finding, that the transmission of highly persistent oil shocks hardly differs when they occur against the backdrop of a large recession compared to normal times does not depend on our assumption of incomplete financial markets. If international financial markets were complete, the domestic country could smooth the effects of the oil shock by running a persistent trade deficit. However, a near unit-root shock to oil supply would still imply a very short-lived increase in inflation.
home country's productivity.
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In line with Bodenstein, Erceg, and Guerrieri (2010) , the oil price response implied by the technology shocks is not large enough to substantially affect the transmission of technology shocks. However, as such shocks lead to a rise in inflation made persistent by the real rigidities in our model (adjustment costs for investment, consumption habits, and lagged price and wage indexation), their effects are also cushioned at the zero bound relative to normal times.
In contrast to the oil demand shocks, the technology shock primarily affects output rather than inflation. With gross output falling sharply on impact, the stimulating effect of lower real interest rates caused by positive inflation at the zero bound cannot reverse the sign of the GDP response on impact.
20
Conclusion
When monetary policy has latitude to adjust policy rates, the incorporation of nominal rigidities into a model that allows for trade in oil and nonoil is not sufficient to imply large departures in the transmission of oil shocks from a model with flexible prices and wages.
However, even for rules that come close to replicating the flexible-price equilibrium, at the zero lower bound the transmission of oil shocks can be substantially different.
The discussion of the consequences of a liquidity trap has recently focused on the amplification of demand shocks. Such shocks typically move inflation and output in the same direction. By contrast, oil shocks move inflation and output in opposite directions so that their effects on activity are cushioned in a liquidity trap. The cushioning is larger for shocks that imply a persistent bout of inflation especially under policy rules that do not imply an aggressive response to inflation away from the zero lower bound. Extensions of the model that refine the trade linkages in the model and that limit the passthrough of exchange rate movements to import prices and inflation do not change the results qualitatively.
19 The AR(1) coefficient is set to 0.9. 20 The mapping between oil shocks and technology shocks that is often asserted in the closed economy literature, e.g. Blanchard and Galì (2007) , does not apply in our open economy model. Trade in oil and a long-run price elasticity of oil demand below unity are the key ingredients that make the mapping between oil and technology shocks inapplicable.
Similarly, extensions of the model that incorporate financial frictions and endogenous risk premia on corporate interest rates do little to change our benchmark results. A desired path for the nominal interest rate can be implemented through a sequence of anticipated monetary policy shocks in the interest rate reaction function of the policy maker.
Consider the policy rule for the notional policy rate and the definition of the effective interest rate in equations (22) and (23), which we repeat below for convenience:
Repurposing the method outlined in Svensson and Laséen (2009) to implement the zero lower bound constraint implies replacing the max operator in the definition of the effective rate with:
where m t is the current monetary policy shock. The current shock is itself linked to past shocks in the following fashion:
Notice that this shock structure has the convenient property that E t m t+i = m i t .
Following Anderson and Moore (1985) , the linear approximation to the decision rule for our model in the neighborhood of its non-stochastic steady state can be represented as:
where X t is a vector of all the variables in the model expressed in deviation from the steady state. Equation (A) implies that
denote the row of the matrix A k+1 that corresponds to the effective policy interest rate i. We can then trace the expected path for the notional interest rate using the following equation:
The last equation suggests that we can use the predetermined values for the monetary policy shocks described above, m 
and where B is a square matrix given by
Accordingly, we can invert the system of equation above to find the predetermined values for
t−1 that will achieve a desired expected path for the effective interest rate (equivalently, we could back out the relevant innovations mt , ..., m n t ).
Implementing the zero lower bound involves constraining the effective rate to remain at zero in those periods when the notional interest rate falls below zero and otherwise equating the effective and notional rates. We can endogenize the duration of the liquidity trap contingent on the realization of particular shocks with the following algorithm:
1. Guess duration of the liquidity trap based on periods in which the "unconstrained" 4. Repeat steps 2 and 3 above until no revision to the periods in which to enforce the zero lower bound constraint is necessary.
Relative to the algorithm described by Jung, Teranishi, and Watanabe (2005) , this algorithm has several advantages: 1) it deals naturally with cases in which the zero lower bound constraint binds only after a number of periods from the shock's impact; 2) the B Baseline Simulation Figure 10 shows the response to the consumption shock that generates the initial conditions for the benchmark simulation of an oil demand shock, shown in Figures 1 and 2 , and for the oil supply and technology shocks shown in Figures 8 and 9 . As parameter changes can affect the expected duration of the zero lower bound, to make the simulations comparable, we changed the size of the underlying preference shock so as to keep the duration of the liquidity trap unchanged.
In all cases, the preference shock ν ct affects the home country only. Home consumption declines sharply, as does inflation. The economy's output falls below its potential level in the absence of sticky prices and wages. Home policy rates are cut gradually because of the smoothing term in the benchmark rule. However, after one quarter, the nominal policy rate reaches its lower bound indicated by a fall to -4 % in the figure. The drop in inflation and the size of the output gap shown in Figure 10 might seem outsize relative to the recent U.S.
experience.
Our benchmark model implies little inflation persistence, but the addition of real rigidities such as variable price markups considered as sensitivity analysis, and lagged indexation would reduce the drop in inflation in Figure 10 to a magnitude in line with the recent experience. These features would also cushion the movement in the output gap.
However, these additional complications would imply little change in our simulation results for the effects of oil shocks. The increased inflation persistence would compensate for the smaller initial change in influencing longer term real interest rates that affect the response of consumption and investment in our model. Accordingly, we decided to omit such features from the discussion.
All of the simulations presented in the main body of the paper start in the first period of the liquidity trap, so that agents expect the trap to last 10 quarters in the absence of additional shocks, but are surprised by one more shock. 
